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^  /
Mudrocks and f in e -g ra in e d  sandstones from th ree  w e lls  in  
the  P lio -P le is to c e n e  Colorado R ive r d e lta  in  the  Im peria l 
V a lle y , southern C a lifo rn ia ,  were examined by X-Ray powder 
d i f f r a c t io n  methods, chemical a n a ly s is , and scanning 
e le c tro n  m icroscopy to  determ ine the  course and e x te n t o f  low 
temperature metamorphic re a c tio n s  in  the  sediments. This 
sequence was compared to  T e r t ia ry  rocks from the  U.S. G u lf 
Coast in  an e f f o r t  to  exp lo re  the  k in e t ic s  o f  low tem perature 
re a c tio n s  in  n a tu ra l systems.
M in e ra log ica l changes observed are (1) the  p rogress ive  
tra n s fo rm a tio n  o f  m ixe d -la ye r i l l i t e - s m e c t i t e  to  pure i l l i t e  
over th e  tem perature range, 68® C to  210® C, (2 ) the  appearance
o f  c h lo r i te  as a d ia g n e tic  m inera l a t 180® C to  194® C,
temperatures c o in c id e n t w ith  the  onset o f  R3 o rd e rin g  in  the 
i l l i t e - s m e c t i t e s ,  (3 ) the  loss  o f  k a o l in i te  above
approxim ate ly  210® C, and (4) a p rog ress ive  decrease in  the
amount o f  d e t r i t a l  potassium fe ld s p a r over the  same temperature 
in te rv a l th a t  b rackets the i l l i t i z a t i o n  re a c tio n .
Comparison o f  bu lk  chemical analyses w ith  analyses o f the  
< 0 .1 -wm f ra c t io n  in d ic a te s  th a t  the c la y  m ineral re ac tio n s  
occur as a re s u lt  o f  r e d is t r ib u t io n  o f  components from the 
coarse f ra c t io n  to  the  f in e ,  c la y - r ic h ,  f r a c t io n .
Comparison o f  T e r t ia r y  sequences w ith  th is  P lio -P le is to c e n e  
sequence confirm s th a t k in e t ic s  s ig n i f ic a n t ly  in flu e n c e  the 
appearance o f  c la y  m inera l assemblages a t tem peratures below 
approx im ate ly  160® C. At tem peratures above 160® C, 
tem pera ture , ra th e r  than tim e , appears to  govern the re a c tio n s .
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INTRODUCTION
Low tem perature metamorphic re a c tio n s  in  deeply bu ried  p e l i t i c  
sediments were f i r s t  observed by B u rs t (1959) in  the T e r t ia ry  shales 
o f  the  U.S. G u lf Coast. He noted a p rog ress ive  tra n s fo rm a tio n  o f  
sm ectite  to  i l l i t e  w ith  in c re a s in g  b u r ia l depth and tem perature .
S im ila r  changes in  c la y  m inera logy were documented in  more d e ta il by 
Perry and Hower (1970), and Weaver and Beck (1971) in  the  G u lf Coast; 
by Dunoyer de Sergonzac (1970) in  Upper Cretaceous shales o f the 
A fr ic a n  Cameroun; and by S te in e r  (1968) and ts l in g e r  and bavin (1973) 
in  the  vo lca n ic  rocks and vo lcanogenic sediments o f  the  Wairakei and 
Ohaki-Broadlands geothermal areas o f New Zealand.
Hower e t a l .  (1976) summarized the  work on low-grade metamorphism 
o f  shales and augmented i t  w ith  a d e ta ile d  chemical and m in e ra lo g ica l 
a n a lys is  o f  one b u r ia l metamorphic sequence in  the G u lf Coast. Hoffman 
and Hower (1979) exp lored the  use o f  c la y  m inera l assemblages as 
geothermometers in  the  d is tu rb e d  b e lt  o f  Montana. H igher grade 
re ac tio n s  were repo rted  by McDowell and E lders (1980) in  the 
P lio -P le is to c e n e  sediments o f  the  Sal ton Sea Geothermal F ie ld . Nadeau 
and Reynolds (1981) determ ined the  d is t r ib u t io n  o f  metamorphic c la y  
m inera l assemblages in  the  Mancos Shale and re la te d  t h e ir  re s u lts  to  the 
re g ion a l te c to n ic s  o f  the southern Rocky Mountains and the Colorado 
P leateau.
A lthough these s tud ie s  encompass severa l rock types o f  d i f fe r e n t  
ages in  a v a r ie ty  o f  g eo log ic  environments they have in  common a re g u la r
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progress ion  o f  c la y  m inera l assemblages th a t  occur a t  s im ila r  
tem peratures regard less o f  the  s e t t in g .  As the  tem perature o f a 
system co n ta in in g  pure sm e c tite  and m ixe d -la ye r i l l i t e - s m e c t i t e  
increases the  sm ectite  converts  to  the  m ixe d -la ye r species and the 
p ro p o rtio n  o f  i l l i t e  la ye rs  in  the  m ixe d -la ye r i l l i t e - s m e c t i t e  
increases. This process continues u n t i l  the  percentage o f  i l l i t e  
la ye rs  reaches 100 percen t.
As the percentage o f  i l l i t e  la ye rs  increases th re e  successive 
o rd e rin g  schemes are commonly observed. When the  p ro p o rtio n  o f  i l l i t e  
la ye rs  is  less than 65 percen t random o rd e rin g  o f  expanded and co llapsed  
la ye rs  is  seen. A t g re a te r than 65 percen t i l l i t e  la ye rs  a sh o rt-ra n g e , 
nea res t-ne ighbor o rd e rin g  scheme, IS IS , is  found. A t approxim ate ly 
85 percent i l l i t e  la y e rs , long range, K a lkbe rg -type  o rd e r in g , I I I S ,  
occurs . (F o llo w ing  the te rm ino logy  o f  Jagodzinski (1949) these th ree  
o rd e rin g  schemes are re fe rre d  to  as RO, R1, and R3, re s p e c t iv e ly . ) As 
tem perature continues to  in c re ase , a p o ly ty p ic  tra n s fo rm a tio n  from IMD 
i l l i t e  to  a 2M d io c ta he d ra l mica is  observed (Maxwell and Hower, 1967).
In  the  b u r ia l metamorphic sequences o f  the  G u lf Coast shales the  
re a c tio n  appears to  take  place in  a system th a t is  c losed w ith  respect 
to  a l l  components except HgO, CaO, NagO and CO g (Hower e t a l . ,  1976)..
The potassium and aluminum re q u ire d  by the  sm e c tite  to  i l l i t e  
conversion is  de rived  from the  decom position o f  d e t r i t a l  potassium 
fe ld s p a r and p o ss ib ly  m ica. As the  re a c tio n  proceeds the  percentage 
o f  potassium fe ld s p a r  and mica decreases, S i^^  is  re leased and c h lo r i te  
appears. Hower e t a l.  (1976) conclude th a t  these changes can probab ly
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
be represented by the  re a c tio n :
Sm ectite + K -fe ld s p a r + Mica = I l l i t e  + C h lo r ite  + Quartz 
Other work in c lu d in g  K-Ar analyses o f  G u lf Coast shales (Aronson 
and Hower, 1976) and oxygen iso tope  s tu d ie s  (Yeh and Savin , 1977;
E s lin g e r e t a l . ,  1979) as w e ll as k in e t ic  and thermodynamic in v e s tig a tio n s  
(Eberl and Hower, 1976; E b e rl, 1977; E b e r l, 1978) supports th is  
in te rp re ta t io n .
Th is  paper is  based on a d e ta ile d  exam ination o f  c u tt in g s  from 
th re e  w e lls ,  Borchard A -1 , A -2, and A -3 , d r i l le d  by the Geothermal 
O perations D iv is io n  o f  P h i l l ip s  Petroleum Company in  the 
P lio -P le is to c e n e  sediments o f  th e  Colorado R ive r d e lta  (M u ff le r  and 
Doe, 1968) near Braw ley, C a lifo rn ia .  Samples from a l l  th re e  w e lls  
r e f le c t  a monotonous sequence o f  sha les , s i Its to n e s  and f in e -g ra in e d  
sandstones.
P r io r  to  the present s tudy a n e a rly  complete low tem perature 
metamorphic sequence had been observed o n ly  in  th e  m iddle T e r t ia ry  
sediments o f  the  G u lf Coast (P e rry  and Hower, 1970; Hower e t a l . ,  1976). 
The percentage o f  i l l i t e  la ye rs  in  m ixe d -la ye r i l l i t e - s m e c t i t e  in  those 
sequences increases from 20 percen t to  80 pe rcen t. The present study 
compares d e ta ile d  c la y  m inera l assemblages w ith  tem peratures in  
P lio -P le is to c e n e  sediments which e x h ib it  a lm ost the  f u l l  range o f the 
sm ectite  to  i l l i t e  conversion from > 80 percent sm ectite  la ye rs  to  pure 
i 11i  te .
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A comparison o f  w e lls  d r i l le d  in  the  Im pe ria l V a lle y  in d ic a te s  
th a t  subsurface m inera l assemblages in  those w e lls  occur a t s im ila r  
temperatures regard less o f  b u r ia l depth (M u ff le r  and W hite, 1969; 
McDowell and E ld e rs , 1980; and th is  s tu d y ). Data from B urs t (1969) 
in d ic a te s  th a t a s ig n i f ic a n t  pressure e f fe c t  would d r iv e  the re a c tio n  
from i l l i t e  to  sm e c tite . S ince the  re a c tio n  c le a r ly  proceeds from 
sm ectite  to  i l l i t e ,  we conclude th a t  the e f fe c t  o f  pressure is  m inor.
Most previous work (e .g . P erry and Hower, 1970; Hower e t  a i . ,  19 /6 ; 
Hoffman and Hower, 1979) supports the  co n te n tio n  th a t in  a s in g le  
b u r ia l metamorphic sequence the p rog ress ive  appearance o f  c la y  m ineral 
assemblages depends on in c re a s in g  tem perature. N everthe less, a t any 
given tem perature the  appearance o f  a p a r t ic u la r  assemblage is  dependent 
on re a c tio n  ra te . A t the  low tem peratures encountered in  b u r ia l 
metamorphic sequences re a c tio n  tim es may be measured in  m ill io n s  o f 
yea rs . Based on l im ite d  P lio -P le is to c e n e  da ta , Hoffman and Hower 
(1979) p o in t ou t th a t a t id e n t ic a l tem peratures and s im ila r  b u r ia l 
depths P lio -P le is to c e n e  sediments co n ta in  a s ig n i f ic a n t ly  low er-grade 
c la y  m inera l assemblage than do o ld e r  T e r t ia r y  sedim ents.
D e ta iled  comparison o f  the  Brawley P lio -P le is to c e n e  sequence w ith  
the  T e r t ia ry  sequence o f  Hower e t a l .  (1976) i l lu s t r a te s  the dual 
e f fe c ts  o f  tim e and tem perature on th e  low -tem perature  metamorphic 
re a c tio n s  th a t occur in  deeply b u ried  sedim ents.
Geologic S e ttin g
The Im peria l V a lle y  in  southern C a lifo rn ia  is  a broad depression 
in  the  cen tra l- p a rt o f  the  Sal ton Trough (B ie h le r  e t  a l . ,  1954).
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Elders e t  a l .  (1972) in te rp re te d  th e  anomalously h igh geothermal 
g ra d ie n ts  w ith in  the  S a lton  Trough as evidence fo r  c ru s ta l spreading 
assoc ia ted  w ith  the  East P a c if ic  R ise. Local areas o f  h igh heat flow  
such as the  S a lton  Sea and Brawley geothermal f ie ld s  appear to  be 
assoc ia ted  w ith  Quaternary volcanism  (Robinson e t  a l . ,  1976).
The S a lton  Trough is  f i l l e d  to  a maximum depth o f  s ix  k ilo m e te rs  
(B ie h le r  e t a l . ,  1964) w ith  f in e -g ra in e d  sediments o f  the  Colorado 
R ive r d e lta .  D e ta ile d  m in e ra lo g ica l analyses (M u ff le r  and Doe, 1968) 
in d ic a te  th a t  these sediments were de rived  almost e x c lu s iv e ly  from 
the Mesozoic rocks o f  the  upper Colorado R ive r dra inage. D e lta ic  
sediments exposed in  the Im pe ria l V a lle y  range in  age from Late Miocene 
to  Recent and e x h ib it  a s im ila r  m in e ra lo g ica l and chemical com position 
th roughou t. E qu iva len t subsurface sec tions  are te x tu r a l ly  and c h e m ica lly , 
bu t not m in e ra lo g ic a lly ,  id e n t ic a l (M u ff le r  and Doe, 1968).
The W ilson No. 1 w e ll ,  described by M u ff le r  and Doe (1968), is  a 
few m iles southwest o f ,  and somewhat deeper th a n , the Borchard w e lls .  
L ith o lo g ie s  encountered in  the  Borchard w e lls  are s im ila r  to  those 
described by M u ff le r  and Doe fo r  the  W ilson No. 1 w e ll.  Based on 
l i t h o lo g ie  s im i la r i t y  and p ro x im ity  o f  the  w e lls  we in fe r  th a t ,  l ik e  
the  W ilson No. 1 w e l l ,  the  Borchard w e lls  pene tra te  sediments th a t are 
te m p o ra lly  and c o m p o s itio n a lly  e q u iva le n t to  th e  P lio -P le is to c e n e  
Palm Springs Form ation.
The n e a rly  un ifo rm  l i th o lo g y  and r e s t r ic te d  age range o f th is  
sedim entary sequence makes i t  id e a l fo r  th is  s tudy. Any m in e ra lo g ica l
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changes associa ted w ith  increased depth and tem perature can be 
a t t r ib u te d  to  metamorphism ra th e r  than to  a d if fe re n c e  in  age o r  
o r ig in a l com position.
ANALYTICAL METHODS
Sample S e le c tio n
Samples fo r  a n a lys is  were se le c te d  from c u tt in g s  from the  th re e  
Borchard w e lls . Well logs were examined to  d e te c t any o f the. problems 
in h e re n t in  the  use o f  c u tt in g s .s u c h  as s lough ing o r d r i l l i n g  f lu id  
lo s s . The c u tt in g s  were v is u a l ly  examined fo r  contaminants and washed 
i f  necessary.
Temperature Data
Well tem peratures repo rted  in  th is  paper were obta ined from the 
logs o f  tem perature surveys run approx im ate ly  fo u r  months a f te r  
d r i l l i n g  ended. We fe e l th a t  th is  is  s u f f ic ie n t  tim e fo r  tem peratures 
to  re -e q u il ib ra te  to  a c lose  approx im ation  o f  p r e - d r i l l in g  c o n d it io n s .
Sample Treatment
Samples were crushed in  a glazed p o rce la in  m orta r and disaggregated 
in  de ion ized w ater w ith  an u lt ra s o n ic  probe. The sample was then 
separated in to  > 2 -pm and < 2-ym (e q u iv a le n t sp h e rica l d iam eter) s ize  
f ra c t io n s  by repeated c e n tr ifu g a l sed im en ta tion  in  250 ml b o t t le s .
The < 0.1 -pm f ra c t io n  was separated from the  < 2-pm f ra c t io n  fo r  the 
Borchard A-2 samples by means o f  a Sharpies continuous flo w  c e n tr ifu g e  
(Jackson 1956).
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X-Ray D if f r a c t io n  Analyses
O riented samples o f  the  < 2-vitn f r a c t io n  and the  < 0 .1 -pm 
f ra c t io n  were prepared f o r  XRD a n a lys is  by c e n tr ifu g in g  the sample 
m a te ria l onto a porous ceramic p la te  (K in te r  and Diamond 1956).
Randomly o r ie n te d  samples o f  the  < 2-pm and > 2-pm fra c t io n s  were 
prepared by s p r in k lin g  d ry  powder onto a greased g lass s l id e .
A f te r  e thy lene g ly c o l s o lv a t io n ,  X-Ray d iffra c to g ra m s  were run 
on a l l  o r ie n te d  samples fo r  the 20 range, 0® to  32°, using CuK a 
ra d ia t io n  and a g ra p h ite  c ry s ta l monochromater. Randomly o r ie n te d  
< 2-pm f ra c t io n  samples were run fo r  the  29 range, 18° to  40°, to  
determ ine i l l i t e  po ly type  (Yoder and Eugster 1955; Maxwell and Hower 
1967). The randomly o r ie n te d  > 2-pm f ra c t io n  was run over the  20 
range, 0° to  65°, to  determ ine gross changes in  the o v e ra ll m inera logy.
The p ro p o rtio n  o f  i l l i t e  la ye rs  in  the m ixe d -la ye r i l l i t e - s m e c t i t e .  
was determ ined accord ing to  Reynolds and Hower (1970). The p o s it io n  
o f  th e  002^q/ 003^7 r e f le c t io n  fo r  randomly in t e r s t r a t i f ie d  samples and 
th e  0052^/002^0 r e f le c t io n  fo r  ordered samples was p re c is e ly  determ ined 
by scanning the 20 range, 14° to  20°, a t l /4 ° /m in .
The e r ro r  in  Reynolds and Mower's method is  g e n e ra lly  repo rted  to  
be + 5 pe rcen t. Srodon (1980) demonstrates the p o s s ib i l i t y  o f  
s ig n i f ic a n t ly  g re a te r e r ro r  (15-20 percen t) depending on the th ickness 
o f  the  e thy lene  g ly c o l in te r la y e rs .  An a ttem pt was made to  use the more 
p rec ise  method presented by Srodon (1980). In  most cases, however, 
in te r fe re n c e  due to  the  presence o f  d is c re te  i l l i t e  in  the sample
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rendered i t  use less. For two samples the re f le c t io n s  requ ired  by 
Srodon's method were c le a r .  In  both cases Srodon's method gave 
re s u lts  th a t were n e a rly  id e n t ic a l (± 1 percent i l l i t e )  w ith  the 
values obta ined from Reynolds and Hower's method.
Selected o r ie n te d  samples were heated a t 600° C fo r  one hour. 
X-Ray d iffra c to g ra m s  were then run to  d e te c t o r con firm  the presence 
o f c h lo r i te .  X-Ray d iffra c to g ra m s  were run on o rie n te d  samples 
p re v io u s ly  tre a te d  w ith  IN HCl a t 95° C fo r  90 m inutes to  con firm  
the presence o f K a o lin ite .
Chemical Analyses
Tw enty-four samples from two w e lls  were se lected  fo r  whole 
rock chemical a n a ly s is . Major element concen tra tions  o f the bulk 
samples were determined by X-Ray fluo rescence w ith  m a trix  e f fe c t  
c o r re c t io n s .
A na lys is  o f the <0.1-jjm  f ra c t io n  o f twenty-one samples from 
the Borchard A-2 w e ll was accomplished by atomic absorp tion  
spectrophotom etry. Samples were fused w ith  l i th iu m  metaborate 
and prepared accord ing to  the scheme o u tlin e d  in  Van Loon and 
P a ris s is  (1966) and Boar and Ingram (1970). The N ationa l Bureau 
o f Standards standard re fe rence  m a te r ia ls  No. 278 and No. 688 
were used as standards.
SEM
F ine-g ra ined  sandstones from the sampled in te rv a ls  were 
examined p r im a r i ly  to  e s ta b lis h  the presence o f a u th ig e n ic  k a o lin ite ,
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RESULTS
M ineralogy
X-Ray d i f f r a c t io n  a n a lys is  o f  samples from the Borchard w e lls  
y ie ld s  re s u lts  th a t  are very much in  accord w ith  e a r l ie r  work in  deeply 
b u ried  sediments ( e .g . ,  Hower e t a l . ,  1976). The s ix  XRD p a tte rn s  in  
F igure  1 i l l u s t r a t e  m in e ra lo g ica l trends in  the  < 0 .1 -ym f ra c t io n  
o f  se lec ted  samples from Borchard A-2. Table 1 presents logged w e ll 
tem peratures and th e  corresponding i l l i t e - s m e c t i t e  m ineralogy o f 
se le c te d  sample in te rv a ls  from Borchard A-2.
Sm ectite  to  I l l i t e  R eaction. The p rog ress ive  i l l i t i z a t i o n  o f  
m ixe d -la ye r i l l i t e - s m e c t i t e  is  the  most s t r ik in g  m in e ra lo g ica l change 
observed in  th is  s tudy . F igure 2 i l lu s t r a t e s  the  v a r ia t io n  in  i l l i t e  
con ten t o f  these m inera ls  as a fu n c tio n  o f  in c re as in g  tem perature.
The sediment near the  su rface  is  composed o f  a heterogeneous 
m ix tu re  o f  d e t r i t a l  m inera ls  in c lu d in g  m ixe d -laye r i l l i t e - s m e c t i t e  o f  
va ry ing  e x p a n s ib i l i ty  and d is c re te  i l l i t e .  As depth and tem perature 
in c re ase , i n i t i a l  v a r ia t io n s  in  c la y  m inera logy are e c lip se d  by the 
e f fe c t  o f  the  sm ectite  to  i l l i t e  re a c tio n . The p ro p o rtio n  o f  i l l i t e  
la ye rs  in  m ixe d -la ye r i l l i t e - s m e c t i t e  increases in  a re g u la r manner 
u n t i l  pure i l l i t e  forms a t approx im ate ly  210° C.
O rdering o f  the  in te r la y e rs  progresses fixm  a random, RO, c o n d it io n  
a t i l l i t e  percentages below about 65 percent through a p a r t ia l l y  
ordered t r a n s it io n  phase to  R1 o rd e rin g  and f i n a l l y  to  R3 o rd e rin g  a t 
i l l i t e  percentages above 85 percen t (F ig u re  2 ).
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TABLE 1. PERCENTAGE OF ILLITE LAYERS IN 
ILLITE/SMECTITE. BORCHARD A-2
Temp. ®C < 0 .1 “ pm < 2-pm
39® 36 (2 ) * 32 (5)
48® 32 (3) 24 (3)
68® 13 (2) 0 (1)
85® RO 20 (2) 13 (4)
105® 44 (2) 32 (2)
122® 50 (2) 46 (2)
129® 63 (2) 53 (2)
138®
143®
RO/Rl * *
73
75
(2 ]
(2)
70 (3) 
67 (2)
153®
160®
R1
82
85
(2)
(2)
R1
78 (2)
79 (3)
167® 91 (2) 78 (2)
176® 90 (2) 85 (6)
180® R3 91 (2) R3 90 (2)
194® 93 (3) 94 (3)
208® 99 (4) 96 (4)
220® 100 100
233® i l l i t e 100 i l l i t e 100
247® 100 100
260® --- 100
273® 100 100
282® 100
*  F igures in  parentheses in d ic a te  maximum probable e r ro r .
* *  RO/Rl designates the  p a r t ia l l y  ordered t r a n s i t io n  phase.
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F igure  1. X -ray powder d i f f r a c t io n  p a tte rn s  o f  g ly c o la te d  < O.l-pm  
f ra c t io n  samples from  Borchard A-2. M = machine a r t i f a c t .  
I/S  = i l l i t e - s m e c t i t e .  D = d is c re te  i l l i t e .  I = i l l i t e .
C = c h lo r i te .  K = k a o l in i te .
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F igure  2. Percentage o f  i l l i t e  la ye rs  in  m ixe d -la ye r i l l i t e - s m e c t i t e  
p lo tte d  a g a in s t logged w e ll tem pera tures, Borchard A-2. 
Sample s iz e  f ra c t io n s  as in d ic a te d . Note th a t  R1 to  R3 
t r a n s i t io n  occurs a t s l ig h t ly  h ig h e r tem peratures in  the 
coarse r s ize  f ra c t io n .
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XRD pa tte rn s  o f  randomly o r ie n te d  samples o f  th e  < 2-ym f ra c t io n  
suggest th a t a p o ly ty p ic  tra n s fo rm a tio n  o f  i l l i t e  from IMd to  2M takes 
p lace a t temperatures between 210° C and 300° C. That tem perature 
range is  co n s is te n t w ith  the re s u lts  o f  Yoder and Eugster (1955), Velde 
and Hower (1963), and Maxwell and Hower (1967). N everthe less, a 2M 
d ioc ta h ed ra l mica was no t un e qu ivo ca lly  recognized in  the samples 
s tu d ied  here.
C h lo r ite . XRD analyses o f  < 2-ym f ra c t io n  samples p re v io u s ly  heated a t 
600° C fo r  one hour revealed small amounts o f  c h lo r i te  in  a l l  samples. 
C h lo r ite  was not detected in  id e n t ic a l ly  tre a te d  < 0 .1 -ym f ra c t io n  
samples u n t i l  a w e ll tem perature o f  194° C was reached. . We in te rp re t  
th is  to  mean th a t c h lo r i te  recognized in  the  < 2-ym f ra c t io n  a t 
tem peratures less than 194° C is  d e t r i t a l .  The a lte rn a t iv e  leads to  
the  unreasonable conc lus ion  th a t c h lo r i te  forms p r e fe r e n t ia l ly  in  the 
coarser s ize  f r a c t io n .  Based on th is  argument we suggest th a t 
d ia g e n e tic  c h lo r i te  forms in  the  Colorado R ive r d e lta  sediments 
between 180° C, the  tem perature o f  the  deepest sample in  which c h lo r i te  
was not recognized in  the  < 0 .1 -ym f r a c t io n ,  and 194° C.
The appearance o f  d ia g e n e tic  c h lo r i te  in  th is  tem perature range 
agrees w ith  the  re s u lts  repo rted  by severa l o th e r workers in  the S a lton  
Trough (McDowell and E ld e rs , 1980; M u ff le r  and W hite, 1969). Nadeau 
and Reynolds (1981) note th a t  in  con ta c t zones in  the  Mancos Shale the 
f i r s t  appearance o f  c h lo r i te  is  assoc ia ted  w ith  R3 ordered i l l i t e - s m e c t i t e s  
a t o r  near a c a lc u la te d  200° iso therm .
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C h lo r ite  is  a common c o n s titu e n t o f  the  < 2-um f ra c t io n  o f  every 
sample above 194° C bu t is  no t de tected above approx im ate ly  270° C in  
the  < 0 .1 -ym f ra c t io n .  We suspect th a t  th a t  re la t io n s h ip  r e f le c ts  an 
increase  in  g ra in  s ize  w ith  c h lo r i te  r e c r y s ta l l iz a t io n  and the  fo rm a tio n  
o f  id io b la s t ic  g ra ins  a t tem peratures near 300° C as repo rted  by 
McDowell and E lders (1980).
In te rfe re n c e  from i l l i t e  r e f le c t io n s  prevented d e te rm in a tion  o f 
c h lo r i t e  po ly types (Hayes, 1970),
K a o l in i te . In  the  Borchard samples k a o l in i te  is  p resent in  both the
< 2-ym and the  < 0 .1 -ym fra c t io n s .  A lthough th is  k a o l in i te  may be 
p a r t ly  d e t r i t a l ,  SEM exam ination o f  f in e -g ra in e d  sandstones from 
se le c te d  sample in te rv a ls  revea ls  a u th ig e n ic a lly  te x tu re d  k a o l in i te .
We presume th a t some k a o l in i te  present in  the  mudrocks is  a u th ig e n ic
as w e ll .  K a o lin ite  p e rs is ts  to  tem peratures a t le a s t  as h igh as 210° C.
The p o s s ib i l i t y  o f  d e t r i t a l  k a o l in i te  in  the  < 0 .1 -ym f ra c t io n  
makes i t  d i f f i c u l t  to  determ ine a t what tem perature a u th ig e n ic  k a o l in i te  
is  f i r s t  formed. One approach is  to  assume th a t  growth o f  a u th ig e n ic  
k a o l in i te  w i l l  increase  th e  r e la t iv e  p ro p o rtio n  o f  k a o lin ite  in  a
O
sample and w i l l  th e re fo re  increase  the r e la t iv e  in te n s ity  o f  the  7A 
k a o l in i te  peak. S ince k a o l in i te  is  a s ig n i f ic a n t ly  sm a lle r p a rt o f  the
< 0 .1 -ym f ra c t io n  than o f  the  < 2-ym f ra c t io n  the  increase  in  in te n s ity  
due to  a u th ig e n ic  k a o l in i te  should be most pronounced in  < 0 .1 -ym
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samples. In  a d d it io n ,  below 194® C th e re  is  no in te r fe re n c e  from 
th e  second o rd e r c h lo r i te  peak in  the  < 0 .1 -ym f ra c t io n .
We determ ined the  percentage o f  k a o l in i te  in  the  < 0 .1 -ym 
f ra c t io n  o f  se lec ted  samples accord ing  to  th e  methods presented by 
S chu ltz  (1964). F igure  3 p lo ts  these percentages a g a in s t w e ll 
tem pera ture . Due to  in te r fe re n c e  from  the  second o rde r c h lo r i te  
peak F igure  3 is  no t p lo t te d  fo r  tem peratures above 194® C.
The in f le c t io n  a t 105° C may represen t the  f i r s t  appearance o f  
k a o l in i te .  I t  may a lso  rep resen t an increase  in  d e t r i t a l  k a o l in i te .  
A u th ig e n ic a lly  te x tu re d  k a o l in i te  i s ,  however, d isp layed  under SEM 
exam ination o f  f in e -g ra in e d  sandstones from sampled in te rv a ls  above 
105® C.
The la s t  appearance o f  k a o l in i te  overlaps the  f i r s t  appearance 
o f  c h lo r i te .  Boles and Franks (1979) re p o rt a s im ila r  d is t r ib u t io n  
in  W ilcox Group sandstones and suggest th a t  a re a c tio n  re la t io n s h ip  
between th e  two m inera ls  is  in d ic a te d .
Potassium Fe ldspar. XRD a n a lys is  o f  randomly o r ie n te d  > 2-urn f ra c t io n  
samples prov ides a s e m i-q u a n tita t iv e  overview  o f  non-c lay  m inera ls  
encountered in  the  Borchard w e lls .  F igure  4 d isp lays  the  re s u lts  o f 
these analyses.
Potassium fe ld s p a r  decom position is  thought to  be the prim ary 
source o f  the  potassium and aluminum re q u ire d  by the  sm ectite  to  
i l l i t e  convers ion  re a c tio n  (Hower e t a l .  , 1976). V a ria tio n s  in  the 
amount o f  potassium fe ld s p a r a re , th e re fo re , o f  p a r t ic u la r  in te re s t .
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F igure  3. K a o lin ite  percentages p lo t te d  a g a in s t logged w e ll 
tem pera tu re , Borchard A-2.
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F igure  4. M inera logy o f  the  < 2-vm f ra c t io n  o f  samples from Borchard
A-2 and Borchard A-1 p lo t te d  a g a in s t logged w e ll tem perature. 
Percentage values rep resen t m inera l p ro p o rtio n s  norm alized 
to  100%.’  The method (S c h u ltz , 1964) g ives o n ly  
s e m i-q u a n tita t iv e  r e s u lts .  Percentage values in  th is  
f ig u re  serve o n ly  to  in d ic a te  tren d s .
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As F igure 4 i l l u s t r a t e s ,  potassium fe ld s p a r  decreases in  abundance as 
temperature increases. The decrease in  the amount o f  d e t r i t a l  potassium 
fe ld s p a r  takes p lace over the same temperature in te r v a l  as the sm ectite  
to  i l l i t e  convers ion re a c t io n ,  s trong  evidence th a t  decomposition o f  
fe ld s p a r  does c o n t r ib u te  to  the  i l l i t i z a t i o n  re a c t io n .
Recent work in  G u lf  Coast sediments demonstrates th a t  massive 
a lb i t i z a t i o n  o f  potassium fe ld s p a r  is  an im portan t re ac t io n  th a t  
c o n tr ib u te s  s ig n i f i c a n t l y  to  the  p rogress ive  loss o f  potassium fe ld s p a r  
w ith  in c re a s in g  depth (Land and Mi H i  ken, 1981). M u f f le r  and White 
(1969) re p o r t  th a t  potassium fe ld s p a r  and a lb i t e  c o -e x is t  a t 
temperatures above 300® C in  the  S a lton  Sea Geothermal F ie ld .  I t  is  
not c le a r  what re la t io n s h ip  e x is ts  between the  a lb i t i z a t i o n  process and 
the  fo rm a tion  o f  secondary potassium fe ld s p a r  above 230° C as 
suggested by Figure 4.
Compositional V a r ia t io n s
Whole-rock a n a lys is  o f  samples from the Borchard w e lls  in d ic a te s  
no sys tem atic  change in  chemical com position o f  the  bu lk  sediments as 
depth and temperature inc rease . Table 2 d isp lays  weight percents o f  
ox ides o f  the c o n s t i tu e n t  elements o f  the  bu lk  samples. Figure 5 
g ra p h ic a l ly  represents the  w e ight percent o f  the  major oxides from 
Table 2 as a fu n c t io n  o f  temperature. V a r ia t io n s  in  the w e ight percent 
o f  the  m ajor oxides above about 160° C r e f l e c t  an increase  in  the 
frequency o f  occurrence o f  sandy in te rbeds and a concomitant increase 
in  q u a rtz .
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Figure 5. Major element concentra tions from whole-rock a n a lys is ,  
Borchard A-2, p lo t te d  aga inst logged w e ll temperature.
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Table 3 d isp la ys  the  chemical compositions o f  the  < 0.1-um 
f r a c t io n  o f  Borchard A-2 samples as a fu n c t io n  o f  temperature. Table 3a 
represents the  abso lu te  w e igh t percent o f  the  oxides and Table 3b, 
the  percentages normalized on a CaO-free bas is .
Based on the  p ro g re s s iv e ly  lower c a t io n  exchange capac ity  o f  
in c re a s in g ly  i l l i t i c  m ixe d - la ye r  i l l i t e - s m e c t i t e s  and the extremely 
low ca lc ium  values reported  f o r  most i l l i t e s  (Hower and Mowatt, 1966). 
we fe e l i t  is  u n l ik e ly  th a t  ca lc ium  is  a s ig n i f i c a n t  component o f  the 
c la y  f r a c t io n .  N orm a liza tion  o f  the  weight percent oxides on a CaO-free 
basis e l im in a te s  the  e f f e c t  o f  v a r ia b le  p ropo rt ions  o f  ca lc ium -bearing  
phases such as c a lc i t e  and gypsum. This serves to  c l a r i f y  the 
re p re se n ta t ion  o f  ca t io n  d is t r ib u t io n  in  the  s i l i c a t e  phases.
A f te r  n o rm a liza t io n  the  w e igh t percent oxides o f  the  major 
elements were p lo t te d  a ga ins t temperature (F igures 6 and 7 ). U n like  
the  whole rock samples, the  < 0 .1 -ym  f r a c t io n  samples d isp la y  
s ig n i f i c a n t  trends as a fu n c t io n  o f  inc reas ing  depth and temperature.
Over the  in te r v a l  co n ta in in g  the sm ectite  to  i l l i t e  re ac t io n  
SiÜ2 shows a marked decrease w h i le  A I2O3 in  the < 0 . 1-ym f r a c t io n  
increases (F igu re  6 ) .  Over the same in te rv a l  K2O increases d ra m a t ic a l ly  
w h i le  Fe203 ( t o t a l  Fe) and MgO decrease (F igu re  7). Na20 values are 
inc luded  in  the  ta b le s  b u t ,  due to  the a d d it io n  o f  a small amount o f  
Calgon to  c la y /w a te r  suspensions as a p e p t iz in g  agent, t h e i r  accuracy 
is  q u es tionab le . In  a d d i t io n ,  the presence o f  Calgon almost c e r ta in ly  
a f fe c ts  P^Og values in  the  bu lk  sample analyses.
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TABLE 3a WEIGHT PERCENT OF MAJOR OXIDES 
BORCHARD A-2 SAMPLES. < 0 . 1 -um FRACTION
SiOg A I2O3 Fe2°3* MgO
Oxide 
KgO CaO NdjO
Temp. * 'c.............. Total Sample Mass mg
39“ 49.35 20.82 9 .50 3.49 2.68 2.77 1.22 89.83 40.14
48“ 58.12 20.71 7.93 3.53 2.65 2.68 0.82 96.44 80.71
68“ 57.78 20.57 7 .29 3.80 2 .78 5.52 0.46 98.20 20.12
85“ 57.43 21.41 8 .45 3.60 2.71 3.79 0 .68 98.07 40.13
105“ 63.00 23.74 6 .56 3.78 2.92 1.01 N.O. 101.01 100.30
122“ 56.89 21.39 6 .35 3.64 3.60 4 .42 1.17 97.46 40.16
129“ 54.87 21.97 5.91 3.55 4.13 6 .27 1.06 97.76 100.40
138“ 48.11 20.09 4 .45 3.04 4.23 10.18 1.42 91.52 10.40
143“ 52.59 23.41 5.30 3.02 4.94 3.43 1.65 94.34 100.40
153“ 52.56 25.03 3.32 2.27 6 .08 3.96 1.40 94.62 40.32
160“ 46.47 21.78 3 .49 2.16 6 .62 8 .26 4 .33 93.11 40.73
167“ 49.34 22.82 3.64 2 .48 5.69 6 .38 3.33 93.68 20.33
176“ 48.48 24.56 3.21 2.70 6.52 6.41 3.51 95.39 99.10
180“ 45.62 22.39 2 .02 2.52 6 .24 10.80 3.24 92.83 20.54
194“ 41.46 19.31 3.06 2 .84 4.31 17.29 0 .30 88.57 10.96
208“ 45.27 21.89 3.34 3.13 5 .94 11.20 3.14 93.91 40.15
220“ 37.58 17.93 2.25 3 .53 5.33 25.00 N.O. 91.62 7.572
233“ 44.05 15.02 2.56 4.41 3.11 20.47 9.31 98.93 3.135
**2 6 0 “ -1 .4 0 -2 .42 N.O. 0 .76 0 .35 38.43 0.36 43.72 19.85
273“ 24.33 9 .72 1.13 2.73 2.50 36.23 0.81 77.45 10.92
**2 8 2 “ -2 .33 -1 .2 5  ■ N.O. 1-.46 0.69 38.29 2.41 46.43 40.07
Max. e r ro r  
% o f  wt.S 4.92 4.92 4 .46 6 .49 8.21 11.50 5.13
Ig n ite d  basis
Total Fe reported as Fe203 
* *  Sample is  n early  pure gypsum in  the < 0 . 1 -um f r a c t io n .  
■ Value f a l l s  outs ide s ta ted  maximum e r ro r .
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TABLE 3b. WEIGHT PERCENT OF MAJOR OXIDES 
BORCHARD A-2 SAMPLES. < 0.1-um FRACTION. NORMALIZED, CaO-FREE
SiOg A I2O3
Oxide
MgO KgO NagO X
Temp. ’ C 
39® 52.91 22.32 10.19 3.74 2.87 1.31 6.66
48® 61.99 22.09 8.46 3.76 2.83 0 .87 0.00
68® 62.34 22.19 7.87 4 .10 3.00 0 .50 0.00
85® 60.91 22.71 8 .96 3.82 2.87 0.72 0.00
105® 63.00 23.74 6 .56 3.78 2.92 N.O. 0.00
122® 61.15 22.99 6.83 3.91 3.87 . 1.26 0.00
129® 59.97 24.01 6 .46 3 .88 4.51 1.16 0.00
138® 59.15 24.70 5.47 3.74 5.20 1.75 0.00
143® 57.37 25.54 5.78 3.29 5 .39 1.80 0.83
153® 57.97 27.61 3.66 2.50 6.71 1.54 0.00
160® 54.77 25.67 4.11 2.55 7.80 5.10 0.00
167® 56.52 26.14 4 .17 2.84 6.52 3.81 0.00
176® 54.48 27.60 3.61 3.03 7.33 3.94 0.00
180® 55.61 27.29 2 .46 3.07 7.61 3.95 0.00
194® 58.16 27.09 4 .2 9 . 3.98 6.05 0 .42 0.00
208® 54.73 26.47 4 .04 3.78 7.18 3.80 0.00
220® 56.41 26.91 3 .38 5.30 8.00 N.O. 0.00 ,
233° 56.14 19.14 3.26 5.62 3.96 11.87 0.00
273° 59.02 23.58 2.74 6.62 6.07 1.97 0.00
Ign ited  basis.
*  Total Fe reported as FegO .̂
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o f  samples from Borchard A-2 p lo t te d  aga ins t logged w e ll 
temperatures.
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DISCUSSION AND CONCLUSIONS 
Chemistry and M ineralogy
Several v a r ia b le s  may in f lu e n c e  the appearance o f  mineral 
assemblages in  a b u r ia l  sequence. Changes in  d e p o s it io n a l environment, 
provenance, te c to n ic  s e t t in g ,  and c l im a te  may a l l  c o n tr ib u te  to  a 
v a r ia t io n  in  d e t r i t a l  m inera logy over t im e. M ig ra t in g  pore waters 
may in tro d u ce  a d d it io n a l components th a t  s ig n i f i c a n t l y  a f fe c t  re a c t io n s .  
In  o rd e r  to  a t t r ib u t e  th e  sys tem atic  m iné ra log ie  v a r ia t io n s  seen in  
b u r ia l  sequences to  an increase in  depth and temperature i t  is  necessary, 
i f  p o s s ib le ,  to  e l im in a te  o th e r  p o s s ib i l i t i e s  o r ,  f a i l i n g  t h a t ,  to  
recogn ize  the  e x te n t o f  t h e i r  c o n t r ib u t io n s .
An examination o f  c u t t in g s  and w e ll logs in d ic a te s  th a t  the 
Borchard s e c t io n s ,  p a r t i c u la r l y  the  low-temperature in te rv a l  w i th in  
which the  i l l i t i z a t i o n  re a c t io n  takes p lace , are dominated by r e la t i v e l y  
impermeable mudrocks making la rg e -s c a le  m ig ra t io n  o f  pore waters 
u n l ik e ly .  M u f f le r  and Doe's (1969) work in d ica te s  th a t  l i t h o lo g y  is  
e s s e n t ia l ly  un iform  throughout the  s e c t io n .  Both s u b s ta n t ia l v a r ia t io n s  
in  o r ig in a l  m inera logy and any s ig n i f i c a n t  a d d it io n  o f  components from 
o u ts id e  th e  system should be re f le c te d  in  the chemical compositions o f  
b u lk  samples. As F igure 5 i l l u s t r a t e s ,  the re  are no system atic  
downhole com positiona l v a r ia t io n s  in  the  bu lk  samples.
The < 0 .1 -ym f ra c t io n s  o f  the same samples do, however, show 
com posit iona l changes th a t  vary as a fu n c t io n  o f  increased depth and 
tem pera tu re , and p a ra l le l  the m in e ra lo g ica l trends detected by XRD 
a n a ly s is .
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Figures 6 and 7 d is p la y  the major oxides p lo t te d  aga ins t w e ll 
tem perature. The o v e ra l l  t re n d s , a decrease in  SiOg, FegO^, and MgO 
and an increase  in  AlgOg and K^O, are c o n s is te n t  w ith  the  general 
re a c t io n  presented by Hower e t  a l .  (1976): Smectite + K-spar =
I l l i t e  + C h lo r i te  + Quartz. In  a d d it io n  the f ig u re s  p o r tra y  the 
probable d is t r ib u t io n  o f  components w i th in  the  c la y  m inerals and 
i l l u s t r a t e  the  chemical exchange between the coarse f r a c t io n  and the  
< 0 .1 -ym, c la y - r ic h  f r a c t io n .
Examination o f  the  coarse f r a c t io n  reveals  a p rogress ive  decrease 
in  the  amount o f  potassium fe ld s p a r  (F igu re  4) over the same temperature 
in te r v a l  w i th in  which the  i l l i t i z a t i o n  re a c t io n  occurs (F igure  2 ) .
This im p lie s  r e d is t r ib u t io n  o f  potassium and perhaps aluminum from 
fe ld s p a r  in  the  coarse f r a c t io n  to  c la y  m inera ls  in  the f in e  f r a c t io n .
The sys tem atic  v a r ia t io n s  in  chemical composition o f  the < 0 .1 -ym 
f r a c t io n  p a ra l le l  the  m iné ra log ie  changes summarized in  Figure 8.
Over the  temperature in te r v a l  150° C to  220° C Figure 7 reveals an 
a n t ip a th e t ic  re la t io n s h ip  between the  trends o f  MgO and FegOg and 
th e  K2O trend  in  the  < 0 .1 -ym f r a c t io n .  Over the same in te rv a l  SiOg 
conten t o f  the  < 0 .1 -ym f r a c t io n  va r ie s  a n t ip a th e t ic a l l y  w ith  FegO^ 
and MgO content (F igu re  6 ) .
XRD a n a lys is  in d ic a te s  th a t  the  temperature in te rv a l  180° C to  
194° C brackets the  f i r s t  appearance o f  d ia g e n e tic  c h lo r i t e .  Over th is  
in te r v a l  Figures 6 and 7 show a sharp increase  in  FegOg, MgO, and 
SiOg con ten t and a corresponding decrease in  KgO con ten t. This is  the
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response th a t  should r e s u l t  from an In t ro d u c t io n  o f  c h lo r i t e  in to  
the  < 0 .1 -ym f r a c t io n .
The subsequent steady increase in  MgO and the  decrease in  FegOg 
a t  temperatures above 210° C (F igu re  7) may r e f l e c t  changing c h lo r i t e  
com posit ion . McDowell and Elders (1980) re p o r t  th a t  c h lo r i t e  in  the 
Sal ton  Sea Geothermal F ie ld  becomes in c re a s in g ly  magnesium-rich as 
temperature increases. C h lo r i te s  in  the  Brawley f i e l d  may fo l lo w  the 
same t re n d ;  i f  so th a t  w i l l  be re f le c te d  in  the chemical analyses o f  
the  < 0 .1 -ym f r a c t io n  as in c re as ing  MgO and decreasing FegOg.
Compositional trends in  the  temperature in te rv a l  155° C to  166° C 
mimic those associa ted w ith  the  f i r s t  appearance o f  d iagene tic  
c h lo r i t e .  XRD a n a ly s is ,  however, revea ls  no c h lo r i t e .  This may 
r e f l e c t  the  in te r m i t t e n t  occurrence o f  d ia g e n e tic  c h lo r i t e  a t  
le v e ls  below the  l im i t s  o f  d e te c t io n  o f  XRD techniques.
Throughout most o f  the  course o f  the  i l l i t i z a t i o n  re ac t io n  MgO 
con ten t o f  the  < 0 .1 -ym f r a c t io n  remains unchanged. But a t  the 
p o in t  where the arrangement o f  sm ec tite  and i l l i t e  laye rs  changes from 
a random c o n f ig u ra t io n  to  an ordered one MgO ra p id ly  decreases. The 
ra te  o f  decrease in  FegO^ appears to  acce le ra te  over th is  same in te r v a l .  
This may r e f l e c t  com positiona l v a r ia t io n  in  the sm ectite  layers  o f  the 
o r i g i n a l ,  d e t r i t a l ,  m ixed -la ye r  c la y s .  Boles and Franks (1979) suggest 
t h a t  u n t i l  the  onset o f  o rde r in g  aluminous sm ectites re a c t  more re a d i ly  
to  form i l l i t e  than do i ro n  and magnesium-rich sm ectites . As a re s u l t  
th e  unreacted sm ec tite  component o f  the m ixed -laye r c lays is  p rog re ss ive ly
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enriched  in  i ro n  and magnesium. The maintenance o f  high MgO values 
c o in c id e n t  w ith  an RO c o n f ig u ra t io n  and the  sudden loss  o f  MgO a t  the 
onset o f  R1 o rde r in g  is  com patib le  w ith  t h is  in te rp r e ta t io n .
AlgOg con ten t in  the  < 0 .1 -um f r a c t io n  o f  the Borchard A-2 samples 
increases downhole u n t i l  a w e ll  temperature o f  approxim ate ly 175® C is  
reached. Very l i t t l e  v a r ia t io n  is  apparent between 175® C and 220® C. 
Over most o f  t h is  temperature in te r v a l  (up to  194® C) the < 0 .1 -ym 
f r a c t io n  i s  composed o f  m ixed - la ye r  i l l i t e - s m e c t i t e  and subord inate 
amounts o f  k a o l in i t e .  The i n i t i a l  increase in  AlgOg can be a t t r ib u te d  
to  the  te t ra h e d ra l s u b s t i t u t io n  o f  aluminum f o r  s i l i c o n  in  the 
m ixe d - la ye r  c la y s .  I t  may a lso  re p resen t, a t  le a s t  in  p a r t ,  the  growth 
o f  d ia g n e t ic  k a o l in i t e .
In  o rde r to  f i x  potassium in  the  in te r la y e r  p o s i t io n  o f  sm ectite  
and thus form i l l i t e  a net negative  charge o f  0 .7 -0 .8  on the sm ectite  
2:1 la y e r  must be achieved (Hower and M owatt, 1966). I f  t h is  is  
accomplished e n t i r e l y  by te t ra h e d ra l s u b s t i tu t io n  o f  aluminum f o r  
s i l i c o n  the amount o f  aluminum requ ired  to  c rea te  the net negative 
charge i s  approx im ate ly  h a l f  the  amount o f  the potassium requ ired  to  
balance i t .  Even i f  potassium fe ld s p a r  is  the  o n ly  source o f  the 
potassium and aluminum re qu ire d  by the  i l l i t i z a t i o n  re ac t io n  nearly  
h a l f  the  aluminum in  the  fe ld s p a r  i s  l e f t  over a f t e r  th a t  re a c t io n  is  
complete. This excess aluminum is  then a v a i la b le  f o r  use by o the r 
aluminous phases such as k a o l in i t e  and c h lo r i t e .  As the fo l lo w in g  
re a c t io n  demonstrates i t  is  p oss ib le  to  form i l l i t e  and k a o l in i t e
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s im u ltaneous ly  from the  products o f  potassium fe ld s p a r  decomposition.
20 + IGKAlSigOg
20
(Xq 3)(A1i 2 5  Mgg ggAlg 15) 0-|q(OH)2
+ lOHgO =
(Kq g){Al i  gsMg  ̂ i5)(Si3_35Alo 65)
+ 3 AlgSigOgfOH)^ + 52 SiOg + 6X0H 4 HgO
I f  octahedra l s u b s t i t u t io n  o f  d iv a le n t  ca t ions  f o r  t r i v a le n t  octahedral 
aluminum a lso  c o n tr ib u te s  to  the  increase  in  net negative charge on the 
sm ec tite  2:1 la y e r ,  g re a te r  amounts o f  k a o l in i t e  and le sse r  amounts o f  
q u a rtz  are formed.
In  summary, the  i l l i t i z a t i o n  re a c t io n  and perhaps the fo rm ation  o f  
k a o l in i t e  appear to  proceed a t  the  expense o f  potassium-bearing phases, 
p a r t i c u la r l y  potassium fe ld s p a r ,  in  the  coarse s ize  f r a c t io n .  Growth 
o f  d ia g e n e t ic  c h lo r i t e  is  assoc ia ted  w ith  the  breakdown o f  k a o l in i t e  and 
the  re lease o f  magnesium and i ro n  from sm ectite  la y e rs .  R e d is t r ib u t io n  
o f  components w i th in  an e s s e n t ia l ly  c losed system appears to be the 
best e xp la n a t io n  f o r  the  re la t io n s h ip  between bulk com position, 
f i n e - f r a c t i o n  com pos it ion , and m inera logy.
K in e t ic  Considera tions
Hower e t  a l .  (1976) compared v a r ia t io n s  in  chemical composition 
o f  Recent through Paleozo ic shales w ith  the  changes produced by b u r ia l  
metamorphism in  two m iddle T e r t ia r y ,  G u lf  Coast sequences. The
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r e s u l t in g  p lo ts  o f  major ox ide  abundances are s t r i k i n g l y  s im i la r .  
M iné ra log ie  trends in  the  G u lf Coast b u r ia l  sequences a lso  p a ra l le l  the 
age-dependent v a r ia t io n s  seen in  sha les. Hower e t  a l .  (1976) concluded 
th a t  the  m iné ra log ie  and chemical compositions o f  o ld e r  shales re s u l t  
from the  same metamorphic processes th a t  produce the  system atic  trends 
seen in  s in g le  b u r ia l  sequences in  the  G u lf Coast. Given enough time 
a l l  shale sequences w i l l  e x h ib i t  the  i l l i t e - c h l o r i t e  assemblage seen 
in  sediments sub jected to  b u r ia l  metamorphism.
The b u r ia l  metamorphic sequence seen in  the Colorado R iver d e lta  
sediments is  the  r e s u l t  o f  an anomalously high geothermal g ra d ie n t,  
a h igh sed im enta tion  r a te ,  and very young age. Figure 9 compares i l l i t e  
percentages in  the  < 0.1-ym f r a c t io n  o f  samples from C.W.R.U. #6 w e ll 
(da ta  from Hower e t  a l . »  1976) w ith  i l l i t e  percentages in  the < 0.1-ym  
f r a c t io n  o f  samples from Borchard A-2. I t  is  immediately apparent 
t h a t  h ig h e r temperatures are re qu ired  f o r  the i l l i t i z a t i o n  re a c t io n  to  
occur in  P l io -P le is to c e n e  sediments than f o r  the  same re a c t io n  to  
occur in  T e r t ia r y  sequences. Hower e t  a l .  (1976) and Hoffman and Hower 
(1979)  discuss the  importance o f  re a c t io n  times in  determ in ing the 
appearance o f  p a r t i c u la r  m ineral assemblages in  a b u r ia l  metamorphic 
sequence. F igure 9 confirm s th a t ,  a t  low tem pera tu res , geo log ic  
age s i g n i f i c a n t l y  in f lu e n c e s  the  m inera logy o f  m ixed-layer 
i l l i t e - s m e c t i t e  over n e a r ly  the  f u l l  range o f  the i l l i t i z a t i o n  re a c t io n .  
Lack o f  i l l i t e  percentages above about 80 percent in  the T e r t ia r y  
sequences prevents comparison beyond th a t  p o in t .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
33
40
80
120
UJ
I 160<QC
LÜ
CL
sW
I-
200
o PUO~ PLEISTOCE!^, BORCHAPO A -2240
M iO-T£RT ia r y , C W R U »  6  (Hower, et at.,1976)  *
280
8020 40 60
PERCENT IL L IT E
Figure 9. Comparison o f  percent i l l i t e  layers  in  the < 0 .1 -pm f ra c t io n  
o f  samples from the P l io -P le is to c e n e ,  Borchard A-2 w e lls  
w ith  the M id -T e r t ia ry  CWRU #6 w e ll (Hower e t  a l .  1976).
Data p lo t te d  aga ins t logged w e ll temperatures.
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We are c u r re n t ly  in vo lve d  in  a d e ta i le d  in v e s t ig a t io n  o f  the 
k in e t ic s  o f  th e  i l l i t i z a t i o n  re a c t io n .  That study w i l l  be the 
s u b je c t  o f  a fu tu re  paper.
Hoffman and Hower (1979) compiled temperatures associated w ith  
metamorphic grade changes in  Lower T e r t ia ry /U p p e r  Mesozoic shale 
sequences. T h e ir  metamorphic grade changes are presented in  
F igure 10. The present s tudy documents s im i la r  grade changes in  much 
younger ro cks . Table 4 presents a comparison o f  temperatures associated 
w ith  the  grade changes f o r  Lower T e r t ia ry /U p p e r  Mesozoic rocks (Hoffman 
and Hower, 1979) w ith  corresponding temperatures f o r  P l io -P le is to ce n e
sediments from th is  s tudy .
The data in  Table 4 in d ic a te s  th a t  a t  temperatures o f  approximate ly 
160° C and above, in  rocks o f  P l io -P le is to c e n e  age and o ld e r ,  geo log ic  
age is  no lo n g e r im p o rta n t in  de te rm in ing  m ineral assemblage. At 
temperatures below 160° C geo log ic  age and temperature combine to  
determ ine m inera l assemblage.
SUMMARY OF CONCLUSIONS
1. M ixed -laye r i l l i t e - s m e c t i t e s  become in c re a s in g ly  i l l i t i c  w ith
in c re a s in g  temperature u n t i l  pure i l l i t e  is  formed a t  about 210° C.
2. C h lo r i te  probab ly  appears as a d ia g e n e tic  m ineral between 180° C
and 194° C. Th is  temperature range is  c o in c id e n t  w ith  the onset 
o f  R3 o rde r in g  in  i 11i te - s m e c t i t e s .
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Figure 10. Metamorphic grades in  p re -g reensch is t fac ies  p e l i t i i  
rocks ( a f t e r  Hoffman and Hower 1979, Figure 2).
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TABLE 4. TEMPERATURE FOR GRADE CHANGES FROM FIGURE 10
Grade
Upper Mesozoic/Lower T e r t ia r y *  
Temp. ®C
P lio -P le is to ce n e ^  
Temp. °C
1 60° 68°
2 100° 140°
3 120°
4 175° 165°
5 200° 210°
6 — — “ +210°
7 300° 300°
*  Hoffman and Hower (1979)
**Borchard  A-2
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3. Data from th is  paper and from the  G u lf Coast s tud ies  {Hower e t  a l . ,  
1976) s t ro n g ly  suggests th a t  potassium fe ld s p a r  decomposition 
prov ides potassium and aluminum requ ired  by the  i l l i t i z a t i o n  
re a c t io n  and th a t  the e x te n t o f  the  i l l i t i z a t i o n  re a c t io n  is  
determined by the  a v a i l a b i l i t y  o f  potassium fe ld s p a r.
4. The i l l i t i z a t i o n  re a c t io n  requ ires  h ig h e r  temperatures in  
P l io -P le is to c e n e  sediments than in  T e r t ia r y  sediments. This 
confirm s th a t  re a c t io n  ra tes  are im portan t in  determ in ing 
m inera l assemblages a t  low temperatures.
5. Approxim ate ly 160* C appears to  be a th re sh o ld  temperature above 
which re a c t io n  ra te s  cease to  be im po rtan t in  determ in ing c la y  
m inera l assemblage in  rocks o f  P l io -P le is to c e n e  age and
o ld e r .
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